The aim of this study was to evaluate the performance of less accurate analysis methods of slope stability, in order to reduce the number of operations used by the most accurate methods available in the literature. The study evaluated four methods for calculating slope stability.
INTRODUCTION
Water is a resource widely used for human consumption and in industry, agriculture, power generation, transportation, leisure, assimilation, and the transportation of effluent (MEDEIROS et al., 2010) , thus the use of surface freshwater resources and the need to store them during periods of reduced availability highlight the need to build dams in order to optimize water availability in each watershed (LIRA et al., 2014) .
Although earth dams are historically described as some of the oldest human endeavors, the application of rational engineering processes to the study and design of earth dams began only in the mid-1930s, with the development of Soil Mechanics (ESTEVES, 1964) . According to the USCS (ASTM 2011) geotechnical classes that best fit the implementation of dams, according to the proportion of fine particles are inorganic clays of high plasticity (CH); bit plastic clays (CL); clayey sand (SC), which are mostly lateritic soils with predominance of hematite and goethite and high levels of oxides, hydroxides and oxyhydroxides of iron and aluminum; Silt elastic (MH) usually micaceous or diatomaceous; silty materials (ML) mostly with macrocrystals kaolinite; and silty sand (SM), where with the fine portion also saprolite source when it comes to tropical soils.
However, the lack of data on shear strength parameters of soils and their relations with other soil properties have limited the development of techniques aimed at earth slope stability (ROCHA et al., 2002) . Shear strength of soil can be expressed by Coulomb's equation (ctg) wherein the parameters c and respectively represent cohesion and the coefficient of friction between soil particles. The cohesive and frictional characteristics between soil particles are factors that determine shear strength of soil (PINTO, 2000) , which is defined as the maximum shear stress that soil can withstand without rupture. The shear strength of the soil, as evaluated in latosoils is influenced by the Tonismar dos S. Pereira, Adroaldo D. Robaina, Marcia X. Peiter, et al.
Eng. Agríc., Jaboticabal, v.36, n.6, p.1027 Jaboticabal, v.36, n.6, p. -1036 Jaboticabal, v.36, n.6, p. , nov./dez. 2016 1028 type of use and management, and tends to be smaller the lower the internal friction (tg) soil and higher apparent cohesion (C) in addition to sensitive to the effects of variation of water content in soil (SILVA & BARROS FILHO, 2003) .
As in most technological systems, the absolute safety of dams cannot be guaranteed; therefore, design and sizing criteria are adopted. They correspond to guarantees of strength and functionality with "safety" margins considered "comfortable" by the technical-scientific community (ALMEIDA, 2009).
The ABNT standard NBR 13029/2006 states that the minimum factor of safety (FS) against slope rupture should be equal to 1.50. The factor of safety can be defined as the ratio between stabilizing efforts (resistant) and destabilizing efforts (active) (VANMARCKE, 2011) . Several methods have been proposed for calculating the factor of safety, whose accuracy varies as a function of the assumptions made by their authors to solve the static equilibrium of a massif (HORST, 2007) .
According to STEWARD (2011) , a significant development has been brought about by the limit equilibrium methods introduced by FELLENIUS (1936) . It divides the sliding soil mass contained within the circular arc into slices, and analyzes its equilibrium by equalizing the forces and moments to zero, based on the assumption that resistance follows Coulomb's equation along the sliding line. Similar methods that have also been developed include Janbu (JANBU, 1954) , Bishop (BISHOP, 1955) , Morgenstern and Price (MORGENSTERN & PRICE, 1965) , Spencer (SPENCER, 1967) , Simplified Janbu (JANBU, 1973) and Simplified Bishop (BISHOP & MORGENSTERN, 1960) . Among these methods, the most rigorous ones are Spencer's and Morgenstern and Price's, which include all the forces between slices and satisfy all the equations for static equilibrium (forces and moments) (GEO-SLOPE, 2008 ) so as to be also used for more sophisticated analysis.
Based on the above, the objective of this study was to evaluate the performance of four different methods for the calculation of slope stability in six different groups of soil individually, in order to find out which one is the most accurate. Thus, a methodology that can be effective and concise is sought for projects where knowledge of the factor of safety is required.
MATERIAL AND METHODS
The study was based on the need to match the main analysis methods of slope stability for circular rupture surfaces on earth dams, with the main purpose to seek the most suitable and easyresolution method. The methods evaluated were Fellenius (Equation 1) this being a simple and conservative model, but it presents considerable errors, particularly in cases of deep circles and high pore pressures; Bishop (Equation 2) based on the method of slices that takes into consideration the reactions between the adjacent slices being able to analyze break in cohesive soils; Simplified Bishop (Equation 3) which simplifies the previous method considering that the forces of interaction between the slices are horizontal, with the disadvantages of being an interactive method and not be accurate in stratified soils; and Simplified Janbu (Equation 4) the same manner as that Simplified Bishop disregards the vertical and tangential components of the slices, however, differs from all the above, it can be used on slipping surfaces not necessarily circular. Vn-1-Vn+1 -vertical forces of adjacent slices to the analyzed slice, f0 -correction factor relative to sliding surface geometry.
These were compared to the Spencer method (SPENCER, 1967) (Equation 5), because this is considered a more accurate and/or rigorous method, as it considers the equilibrium of forces and moments. The problem is solved graphically at the point of intersection of the two functions, FSm (based on the moment equilibrium equation) and FSh (based on the hypothesis of constant θ value). The comparative scenarios were limited to heights of dams with values of 7, 9, 11, 13 and 15 meters, to the groups of soils -SM -silty sand, mixture of sand and silt or loam; SC -loamy sand, mixture of sand and clay; ML -silty material and very fine sand, powder-stone, silty or clayey fine sands, or low-plasticity clayey silts; CL -lean clays, low or medium plasticity clays, clays with gravel, sand or silt; MH -silts, slimes, micaceous or diatomaceous fine sands, silty soils, elastic silts; CH -fat clays (medium or high plasticity clays) -and to the slope inclinations suggested by COSTA & LANÇA (2001) for upstream and downstream conditions (Table 1) . Geometric features were also assigned; they are relative to the condition of reservoirs subject and not subject to rapid emptying. The latter is a predominant feature in farm dams. Data on cohesion, density, internal friction angle, porosity, neutral pressure or pore pressure and effective stress in different groups of soils were used for the calculation of the factor of safety (FS), according to the instruction of the National Department of Works Against Drought (DNOCS, 1977) (Table 2 ). Different inclinations were also used, which are also given in terms of soil groups, heights and slope geometries. In all cases, the accepted value of particle density was 2.65 g/cm³, since this value is common for most soils. Thus the values used are characteristic and representative of different soil types. For purposes of calculating the safety edge and free board for all scenarios, the maximum longitudinal length of 1 km was adopted for the hydraulic basin at the maximum level, measured perpendicularly to the dam, and super elevation of 0.40 m was considered.
Based on the calculated values of FS, linear regression equations were corrected, where the dependent variable was FS, obtained by the Spencer equation, and the independent variable was the FS values estimated by the other methods. Then, comparative analyses were performed using the correlation coefficient "r", the accuracy coefficient "d" (WILLMOTT et al., 1985) and the performance or reliability coefficient "c" suggested by CAMARGO & SENTELHAS (1997) (7) where,
Pi -estimated value;
Oi -observed value, and O -average of observed values.
RESULTS AND DISCUSSION
The results were grouped into comparative tables allowing assessments of the application of different methods. After the procedures were performed, there was a total of 120 values of factors of safety FS for each method evaluated. By analyzing the values of FS and relating them to soil group (Figure 1) , it can be seen that for all the studied methods and all conditions for height, profiles and reservoir emptying rate, the soils that had respectively smaller and higher factors of safety were CH (high plasticity, fat clays) and ML (silty material of low-plasticity).
The soil group CH has the lowest values, because it has the least internal friction angle; in addition, according to the standard ABNT/NBR 6502/95, for consistency, the plastic state characterizes soft, medium and stiff clays, and these have difficulty in drying, as cracks can occur; they are subject to large deformations, and have low shear strength.
Moreover, the criteria for selection of soils for dams, in general, consider particle size, workability, shrinkage and compactness; and they consider the relationship between particle size distribution, plasticity, shrinkage and compactness. They seek to situate moisture content of soil in the range of interest for use in practice, i.e., between the liquid limit and the plastic limit; the soil group ML best fits into these conditions, as it has the highest values for factor of safety in the scenarios studied. The SM soil presents FS values exceeding MH, since it has low plasticity because of its fine particle fraction is between 12% and maximum 50% and behavior, based on the above criteria, very similar to the ML group. However, VILLIBOR et al. (2009) , addressing bases for roads, draws attention to soil with a high percentage of macrocrystals kaolinite (ML) and mica (MH), because they were linked to low support values and resilient modulus. Moreover, many laterite soils (CL, SC) that do not meet traditional criteria of particle size and index properties may be suitable, because they have high CBR, low expansion and a high modulus of resilience, among other properties.
Visually, it can be noticed that the Simplified Bishop method has greater approximation of points in different groups of soils, and it has the equations with the best fit for them (Table 3) . The Simplified Janbu method also showed good coefficients of determination R². XUE & GAVIN (2007) , when modeling the simultaneous determination of the critical sliding surface and reliability index for slopes, considered soil properties as random variables analyzed with probability theory, because of the differences generated by their nonlinearity. When all the data were used, so as not to discriminate soil group or slope geometry, it was observed that performance, as indicated by the high values of the confidence index, was not rated as Excellent only by the Fellenius method, which rated performance as Average. However, the analysis of performance focused on slope geometry and on the difference in water profiles in upstream and downstream slopes, a change in the performance of the methods can be observed. The Simplified Bishop and Simplified Janbu methods maintained excellent performance even under these conditions. Table 5 shows the performance for upstream slopes not subject to rapid emptying. It can be seen that, for conditions of different soil groups, the Bishop method improves its performance compared with the standard method while the Fellenius method has poor performance, on average, compared with the standard, and much worse performance than the one obtained in downstream slopes (Tables 4) . This characterizes the difference between the two methods under the presence of water on the surface of the slope, and shows that the Fellenius method has better response when there is no water on the slope while the Bishop method performs best in the presence of water, i.e., in upstream slopes. This is due to the formulation of the methods; Fellenius gives greater significance to the value of pore pressure , while the Bishop method does not.STEWARD et. al (2011) reviewed Taylor's charts for slope stability, and also observed differences for drained soils. Table 5 shows that for upstream slopes subject to rapid emptying, the performance of the Fellenius method is even worse than for the other conditions; it has bad performance in all groups of analyzed soil.
CONCLUSIONS
According to the methodology and the conditions under which this study was conducted, it was concluded that the methods that had excellent performance for all conditions with the highest reliability levels were, respectively, the Simplified Bishop and the Simplified Janbu methods; however, the Simplified Bishop method obtained the highest coefficients of determination for all groups of soils.
Soil groups with the lowest and the highest factors of safety FS were respectively CH (medium or high plasticity fat clays) and ML (silty material and very fine sand, powder-stone, silty or clayey fine sands or low-plasticity clayey silts); CH had the largest profile, which implies larger movements of the soil and hence higher construction costs for earth dams.
